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EXECUTIVE SUMMARY

The objectives of this study were to devise a scheme for calibration of earth
pressure cells, to observe their response to various loading configurations, and to
recommend a procedure for field installation. Earth pressure cells, transducers designed
to provide an estimate of normal stress within a soil, are used with apprehension in
geotechnical engineering practice because of mixed results. Specifically, earth pressure

cells have provided readings that are in conflict with known loading conditions.

Initial calibration tests employed hydraulic oil as the pressurizing medium in both
hydrostatic and uniaxial pressure conditions, which mimic the manufacturers’ procedure
for pressure cell calibration. Sensitivities calculated from these tests matched the
reported values of the respective manufacturers. A new testing device was designed to
permit the application of uniaxial soil pressure to the earth pressure cells using various
types of soil and load configurations. The response of the earth pressure cells was found
to be different for soil pressure conditions than for fluid pressure conditions. Sensitivities
computed from soil calibrations varied from those determined from fluid calibrations by

10-30%.

A universal calibration chamber 0.6 m in diameter and 0.5 m in height was
designed to test the behavior of the cells in a controlled three-dimensional soil
environment using sensitivities calculated from the soil pressure calibration tests.
Finally, as a result of these universal calibration tests, a field installation procedure was
developed and recommended: In the laboratory, a thin-walled steel cylinder with a
geotextile bottom was filled with uniform silica sand with a known density and the earth
pressure cell was placed within the sand. The entire apparatus (earth pressure cell,
cylinder, and sand) was carried into the field and installed in the desired locations. Once
in place, the steel cylinder was pulled up out of the ground, leaving the cell and geotextile
behind. Preliminary field data indicate that the soil calibration and placement procedure

provide reasonably accurate measurements.






CHAPTER 1
INTRODUCTION

The field of pavement engineering deals primarily with the interaction of structures with
earthen materials, which include rocks and soils. Design and construction using these materials
requires specific knowledge of their behavior and response to external forces. For example,
pavement designs are often concerned with the magnitude and distribution of normal stress,
either horizontal or vertical, within a pavement system. Because the distribution of vertical
geostatic stress is linearly related to depth for soils of constant unit weight, the term earth
pressure is used. Horizontal earth pressure can be related to vertical earth pressure by an

arbitrary constant, the coefficient of earth pressure at rest.

Theoretical solutions exist for estimating stress distributions within an elastic solid.
These solutions are based upon the framework of certain fundamental theories, such as isotropic
elasticity. If particular assumptions are made, and if enough information is given, these solutions

can be used to develop designs for practical problems.

While analytical and numerical solutions are useful tools, one cannot rely exclusively on
theoretical relations for engineering work, as these solutions are inherently approximate
explanations for real situations. They are based on simplified assumptions, which generally may
not be representative of actual conditions. Therefore, existing theories for estimating earth
pressure often need to be supplemented by field measurements. Field measurements can yield
important clues concerning the actual condition of the site environment and can be used as a

check against the theoretical models.

Nevertheless, measurement of earth pressure has been, and still remains, a difficult task.
The in situ stress distributions are irrevocably changed to accommodate the introduction of a
measuring device into the system for the purposes of estimating stresses. The in situ stress
values, which were the aim of the measurements, are subsequently altered. This is generally

referred to as an inclusion effect in earth pressure measurement.



The Earth Pressure Cell

In general, an earth pressure cell (EPC) is a device designed to provide an estimate of
normal stress in soil (Fig. 1.1). Depending on the orientation of the cell, this can be an estimate
of either vertical or horizontal stress. An EPC can be used in a range of geotechnical
applications, from estimating lateral stresses on retaining walls to measuring vertical stresses
beneath pavements. Most cells are cylindrical in shape, with their height-to-diameter ratios as
small as possible, following recommendations by Taylor (1947). Hence, almost all cells appear

disk-shaped, with one of the flat faces sensitive to changes in loading.

The practice of designing and manufacturing stress measurement devices revolves around
the study of the interaction between the measuring device — the EPC — and the host material.
Because of the aforementioned inclusion effect, it is desired that the EPC have as little impact on
the in-situ stress distribution as possible. To this end, the cell’s design is modified such that its
calibrated output is approximate to the level of earth pressure that would exist if the cell were not

present.

An EPC can be divided into two basic categories based on application: embedment and
contact. Embedment cells are installed within a soil mass or fill to determine the distribution and
magnitude of earth pressure (Filz and Brandon 1994). Contact cells are used for measuring earth

pressures acting upon the boundaries of buried structures (Filz and Duncan 1993).
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Figure 1.1. Schematic of general earth pressure cell (EPC) application. Depending on the
desired orientation, EPCs provide estimates of vertical or horizontal stresses.

Embedment cells are of two types: hydraulic and diaphragm. Hydraulic cells were first
used in Europe in the 1930°s (Hvorslev 1976) and are quite simple in design. They are
constructed by welding together two circular or rectangular plates around the periphery, creating
an intervening cavity (Fig. 1.2), which is filled with liquid. A pressure transducer is connected to
the cavity, and earth pressuré acting on the plates is equilibrated by an equivalent amount of
internal pressure in the cavity. It is essential in hydraulic cells for air to be completely removed

from the cavity.

Whereas hydraulic cells are devices designed to match applied earth pressure with
internal fluid pressure, diaphragm cells can be thought of as a structural member (some type of
diaphragm) deflecting under loading. The amount of deflection is correlated to the level of earth
pressure. As such, several designs have been proposed. One common diaphragm cell consists of
a circular membrane, which is fully supported around the edge by a stiff ring (Fig. 1.3). The
membrane, or diaphragm, deflects under loading. The stiff ring does not deflect, but instead

anchors the membrane and acts as an inactive rim. This inactive rim isolates the active face of



the EPC, lessening the influence of stress concentration effects existing at the boundary
(Dunnicliff 1988). Deflection is measured by a strain gage mounted on the interior surface of the
membrane. Some cell types contain a small, fluid-filled chamber within the cell that acts to
deflect the diaphragm. Depending on the manufacturer, diaphragm cells may have one or two
independent active faces. The method used to estimate the normal stress acting upon the EPC
typically involves strain gages mounted on the diaphragm providing output, in the form of an

electrical signal, which is related to earth pressure.

Pressure transducer

%/////////////////////////////////////////////////////////%

/

Liquid-filled cavity 7
i ////////////////%

L

Figure 1.2. Hydraulic type embedment EPC.

ACTIVE FACE

Inactive i /]\ / Me\r‘nbrane

Strain gage

Electrical lead wire

INACTIVE FACE

Figure 1.3. Diaphragm type embedment EPC.

The output from the EPC is related to earth pressure by applying the cell’s sensitivity, S,
defined as the calibration factor that converts the cell’s electrical output from direct current
voltage [vdc] to pressure [kPa]. It is usually determined from simple calibration tests by
applying a known, fluid pressure to the EPC and recording the output. It is expected that the
EPC output would be linearly proportional to the applied pressure. The data from such tests are

plotted on a graph similar to Figure 1.4; the sensitivity is then the slope of the line [vdc/kPa].



The EPC sensitivity is supplied by the cell’s manufacturer, with the calibration being
performed with uniform fluid (air or water) pressure. However, earth pressure cells, as their
name indicates, are not used to measure air or water pressure in geotechnical engineering
applications. Distribution of normal stress within soil is not necessarily uniform across a given
surface. Consequently, output from an EPC may be different under soil loading conditions than
under corresponding fluid pressure application. In addition, depending upon the design of the
cell, as the diaphragm deflects, an arching-type phenomenon may develop. Therefore, a primary
goal of this study was to examine the differences, if any, between calibrations with fluid and
calibrations with loading through soil. Accordingly, if significant disparities existed, the next

task would be to decide which calibration technique proved more useful for field application.

EPC output

AEPC

Ap

Applied pressure

Figure 1.4. Typical EPC calibration curve. The recorded electrical output from the cell is
plotted versus the known applied pressure.



Motivation and Specific Application

As stated earlier, EPC can be used in a variety of applications in pavement design. This
research focused on the use of the cells to measure vertical stresses underneath paved roads (Fig.
1.5). The project’s motivation and funding was provided by the Minnesota Department of
Transportation (Mn/DOT). Mn/DOT has placed a group of EPCs at the Minnesota Road
Research Project (M/ROAD), their roadway test facility in Otsego, Minnesota, in order to

provide estimates of normal stresses in the underlying subgrade soil.

The aim of this project was to study the behavior and interaction of the EPC with soil,
procure a suitable method of cell calibration, observe the cell’s response to standard static and
dynamic loadings within a controlled soil environment, and recommend a workable field
installation procedure. Because of an inclusion effect, and where an EPC usually acts as a stress
attractor, the cell tends to overestimate the magnitude of earth pressures in soils. However,
arching can develop above an EPC and resistive shear stress can reduce the normal stress acting
on the sensing face of the cell. In order to account for arching in the cell’s registration, a new
calibration method was devised. The performance of the EPC was then studied in a controlled

soil environment.

Asphalt (pavement)

Aggregate base (gravel)

AN

[ EPC }|—= Subgrade (clay)

Figure 1.5. Roadway cross-section at Mn/ROAD facility. The earth pressure cells were
intended to be placed within the clay subgrade, beneath the aggregate and overlying pavement
The cells would record changes in vertical stress resulting from traffic loads.



Kulite Earth Pressure Cell

The primary EPC used in this study was the Kulite soil pressure cell manufactured by
Kulite Semiconductor Products, Inc. in Leonia, New Jersey. The Kulite earth pressure cell
combines features of both the diaphragm and hydraulic cells (Fig. 1.6). The basic sensing
element is a semi-conductor strain gage mounted on a diaphragm below a thin layer of hydraulic
oil. A thin piece of steel isolates the oil from the outer annulus and reinforcing plate. The entire
assembly is housed within a stiff steel casing. Loading applied to the sensing face is transmitted
to the oil layer, which deflects the diaphragm. The strain gage element responds to the amount

of deflection.

Part of the steel casing forms an inactive rim around the outer perimeter of the cell’s
sensing face. The central, active surface area on the sensing face is 1022 mm? (1.58 in.?). The
total area on the sensing face is 2331 mm’” (3.61 in.?), yielding an active/total surface area ratio
of 0.44. This type of design is used to lessen the inclusion effect that results when introducing a

different material within the host soil. However, an important aspect of the performance is also

_ the displacement of the sensing face relative to the inactive rim, which may cause soil arching to

occur over the cell. This behavior is critical in how the cell performs in the field.

Steel casing

N <« 156 mm Silicone annulus

Thin steel

A

Reinforcing plate

|7l

36.1mm 254 mm

Fluid-fitled J \ Strain gage
sensing element

55.0 mm
EPC Cable (lead wires)

Inactive rim

Figure 1.6. Kulite earth pressure cell.






CHAPTER 2
LITERATURE REVIEW

The quandary of placing an earth pressure cell within a soil mass influenced by a pre-
existing stress field has been considered and well studied. Early solutions were based on the
tenets of elasticity theory. The EPC was presented as a material inclusion within an elastic
matrix. As such, stresses acting upon the cell were dependent on the elastic moduli of the
inclusion and the surrounding matrix, and the assumed geometry (shape) of the inclusion. Later,
studies were conducted that considered the interaction of particulate soil matter with a rigid
structure. Terzaghi’s soil arching theory provided the foundation for these solutions, with

experimental support from McNulty (1965) and Mason (1965). |

Taylor’s Indentation Analysis

One of the first to consider the interaction between an EPC and soil was Taylor (1945).
Taylor’s method fell under the mantle of an indentation analogy. This approach (Fig. 2.1)
consisted of estimating the difference between soil and cell deformations, or the indentation, and
then computing the corresponding over- and under-registrations of the cell which would produce

the same displacement (Hvorslev 1976).
Soil Surface

Soil modulus = Mg
Cell modulu$ = M,

H

Aw. soil stress = g, Awvg. cell stress = g

Gs Se S Oc 3s Os
¥ __ L { y I
------------------ Y EIT T LT DI IITALT
________________ il EPC L]

OST P 1\50 TGC ?55 _TGS

Y 7|
D

Figure 2.1. Earth pressure cell embedded in soil. (Taylor 1945, from Hvorslev 1976)

Preceding Page Blank 9



Taylor considered an EPC at a depth, H, below the free soil surface with diameter, D, and
thickness, h. The cell and soil were subjected to a uniaxial stress change acting perpendicular to
the face of the cell. Assuming symmetry of deformations of the cell and soil, the indentation of

each side (face) of the cell is given by
0,=0,-0, (D
where 6 and 6. are the deformations of the soil and cell respectively. In terms of the material
parameters, 0 may be expressed as
hio, o

s @

where o and o, are the average stresses and M and M, are the Young’s moduli of the soil and

cell respectively. The difference, &, is similar to the indentation of a circular plate or punch into

an elastic solid under the load, o., where

o,=0,-0, €)
J. 1s then given by
o
0, =D—= 4
=D @

The parameter N; is an indentation coefficient that is a function of the deformation
characteristics of the soil. Manipulation of the equations yields the relation (Eqn. 5) for the cell-

soil registration ratio, o./cs. The coefficient K was defined as K = Ny/M,.

D N, D

5t —+K,
o, _h2 M, __ n/2 )
o, D N, D M,

+ + K,
hi2 M, hi2 M,
The coefficients N5 and K may be theoretically determined by employing the theories of
Boussinesq, assuming that the soil acts as an elastic solid (Eqns. 6 and 7).
N, = 3 (6)

1

NS —
AR @)

10



Where v is the Poisson’s ratio for the soil, and C is a shape factor. For an infinitely rigid circular
plate at the soil surface, C = n/4. Taylor suggested that N5 was approximately equivalent to M,
so that K approached unity. This assumption was also used by Peattie and Sparrow (1954).
Hvorslev (1976) emphasized that the equations derived from the indentation analogy were

theoretical and only rough approximations of the actual behavior.

Referring to Equation 3, the error ratio, 6./cs, that exists in the pressure cell with respect

to the average stress in the soil is given by

e=Ze g (8)

1 M,
o hi2 M
-=K, 3 €
o, D 1+K5h/2M“‘
D M

For the case of an infinitely rigid pressure cell (M¢/M, = 0), the limiting value of the error ratio is
proportionally related to the cell geometry by
hl/2

%e—(lim) =K, = (10)

s

The above analysis assumes a uniaxial stress change within the soil applied perpendicular
to the face of the cell. When lateral stresses are included as part of a triaxial stress change in the
soil, the analysis is similar. However, the stress changes in the three principal directions and the
influence of Poisson’s ratio are incorporated into the solution. The stress registration ratio with

respect to the principal z-direction is

e o D _ M (D

—+K,
hi2 M

and similarly for the other x- and y- principal directions.

11



Monfore’s Indentation Analysis

Unlike Taylor, Monfore (1950) considered a more rigorous approach within the
framework of linear elasticity. He evaluated the theoretical situation of an EPC of Young’s
modulus, M., embedded in a solid of modulus, Ms. A cross-section of a cell within a solid is
shown in Figure 2.2. A plane of symmetry, I, was drawn through the middle of the cell, lying
parallel to its faces. The solid, representing a soil mass, was subjected to a loading of intensity,
Q, acting on its boundary, perpendicular to plane 1. If the cell were ideal, that is M. = M, the
stress distribution on plane I would be uniform and equal to the boundary loading, Q. However,
for the case M. > Mj, the stress across I is greater than Q within the cell and less than Q outside

the cell.

Y

LLULLLL LUl bbbl

R

Figure 2.2. Cross section through EPC and solid. The solid is subjected to a boundary load
intensity, Q, perpendicular to plane I. (Monfore 1950)

Monfore’s analysis was concerned with achieving uniformity of displacement across
plane I. He noted that deflections due to Q within the cell along I would not be equal to
deflections outside the cell within the surrounding solid. Indeed, for the case of the stiff cell (M.
> M), deflections within the cell would be less than the respective deflections within the solid.

In order to constrain deflections from both cell and solid to lie along I, a load distribution was

12



superimposed on Q. This load distribution would have the property of compressing the half cell
downward to lie along the cut surface of plane I. Since the solid outside the half cell would

displace more than the cell, a tensile loading was applied to pull the solid upward to lie along I.

The half cell and surrounding solid were modeled as a series of annular rings plus a
central section, with the centers of each being coincident with the axial center of the cell. The
central section and each annular ring were subjected to their own respective load intensity, g;.
Using the Boussinesq equations as presented by Timoshenko (1934), Monfore developed a
system of equations for calculating the superimposed annular load intensities, ¢;, that must be
applied to each ring so that the deflections across plane I were uniform. The system of equations

was derived from the general form:

For values of » outside a loaded area

— 712 a° 172 22 2 40
— =y [J1=Ssin’0| do-|1-=| | — (12)
41-v7)g ; r - 2

1-=-sin’ @
- r -
for values of » within a loaded area
waM /2 2 "2
s =q || 1=-"=sin? d 13

41_V2 6‘-( a2 ¢] ¢ ( )

where ¢ is the load intensity, w is the deflection of the loaded surface, a is the radius of the

loaded area, and v is Poisson’s ratio of the solid.

Using the above equations, Monfore developed a series of relations for the deflections of
each segment, i, as functions of each loading intensity, q;. By employing Hooke’s law for
expressing the deflections, w;, in terms of M., M;, v, H, and Q, a system of equations for the /

unknown g,’s resulted.

13



Monfore expressed his solution graphically for different cases. Figure 2.3 shows the
variation in field stress across plane I as a percentage of the boundary loading, Q, for a particular
case of cell geometry and material constants. As seen in the figure, the vertical stress in the cell
is greater than the far field stress, with significant increases near the cell boundaries. Likéwise,

the stress in the solid near the cell boundaries decreases sharply.

i e e e e I -1

Assumed conditions:

cell thickness, 2H = 12.7 mm
cell diameter, D =63.5 mm

modulus of cell, M, = 55.16 GPa

| modulus of solid, Mg = 27.58 GPa
Poisson's ratio, v = 0.2

3 2 1 0 1 2 3

Distance from center of cell, r
Radius of cell, D/2

Figure 2.3. Stress distribution across mid-plane. (Monfore 1950)

Cell error was defined as the difference between the cell-indicated stress (Q + qcen in Fig.
2.3) and the far-field stress (Q in Fig. 2.3). The normalized cell error is qee/Q x 100%. It can be
deduced from Figure 2.3 that a cell face sensitive to stress over a central area only, and not over
its entire face, will have a lower cell error. Similarly, a cell that measures stress across its total
area will have a higher cell error. Moreover, the thickness-to-diameter ratio of a cell is
proportional to the cell error (Fig. 2.4). The degree of proportionality varies depending on

whether the cell is sensitive over a central area or across the entire face (Fig. 2.4).
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cell diameter, D = 63.5 mm
modulus of cell, M, = 55.16 GPa
modulus of solid, M, =27.58 GPa

Poisson's ratio, v = 0.2
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Figure 2.4. Effect of the ratio of cell thickness to diameter on cell error. For cells sensitive over
a central area, the error is approximately linearly related to the cell thickness-diameter ratio.

(Monfore 1950)

The effect of modulus variation on cell error is shown in Figure 2.5. When the modulus

of the cell is larger than the soil, the error will be positive and the stress in the cell will be larger

than the far field stress. Conversely, when the modulus of the solid is larger, the error will be

negative and the stress in the cell will be smaller than the far field stress. It is interesting to note

that the errors are smaller in absolute value when the cell modulus is larger than when the solid

modulus is reciprocally higher. Also, when the ratio of M/M; > 1 and given by a constant, A,

the error is smaller in absolute value compared to the situation when My/M, = A.
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Figure 2.5. Effect of the ratio of elastic moduli on cell error. (Monfore 1950)

Askegaard’s Elasticity Analysis

Askegaard (1963) studied the stress interaction effects between an elastic matrix and an
ellipsoidal inclusion embedded within the matrix. The study followed the classical work of
Eshelby (1957). Askegaard obtained equations for stresses in a rigid ellipsoidal inclusion and for
pressures in a liquid-filled ellipsoidal cavity. He based his solutions on free-field stress

conditions.

Askegaard assumed the inclusion to be rigid or fluid-like. The material in the
surrounding matrix (i.e. soil) was assumed to be isotropic and fully elastic. Both normal and
tangential forces were also assumed to be transferred between the inclusion and the matrix
without slipping. The ellipsoid was defined to have height, h, and diameter, D, and the height-

diameter ratio was defined as o = h/D.
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The Askegaard solution for a rigid ellipsoidal inclusion is graphically summarized in
Figures 2.6 — 2.7. Figure 2.6 shows the stress ratio due to a uniaxial stress change in the elastic
matrix as a function of the Poisson’s ratio of the matrix. The solution shows a series of curves
pertaining to different values of inclusion geometry, o.. The stress ratio is given by oo,
where the subscripts “c” and “s” refer to stresses within the inclusion and matrix, respectively, in
the vertical z-direction. The superscript “A” indicates the stresses were due to a uniaxial stress
change in the matrix (o, = 65", 6x = oy = 0). Figure 2.7 similarly shows the relationships
between the stress ratio and matrix Poisson’s ratio due to a triaxial, “T,” stress change (o, = oy =
o, = 6s"), as a series of inclusion geometry values, o.. The triaxial stress ratio, however, is given
by 6. /o2, the ratio of inclusion stresses in the z-direction due to a triaxial and uniaxial stress

change in the matrix.

2.0 I ////////////////////// X,y
D ‘I a =h/D
:‘6 1.5 \ -
8 \ o =050

1.0 § ; : : :::: U e

. : - —

N ; 2s0%
o =0.01 ) o = 0.05

° 0 oi1 ojz 0.3 0.4 0.5

Poisson's ratio, v

Figure 2.6. Uniaxial stress change in matrix. (Askegaard 1963, from Hvorslev 1976)
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Figure 2.7. Triaxial stress change in matrix. (Askegaard 1963, from Hvorslev 1976)

Conversely, the stress ratio, o./cs, and the error ratio, o./cs, where . = 6. — G, are
plotted in Figure 2.8 as a function of the height-diameter ratio, a, for three values of the matrix
Poisson’s ratio, v. As illustrated in Figure 2.8, 6, was approximately linear with respect to a,, the

height-diameter ratio..
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Figure 2.8. Inclusion stress versus cell height-diameter ratio. (Askegaard 1963, from Hvorslev
1976)

In his review of Askegaard’s model, Hvorslev (1976) noted that the matrix Poisson’s
ratio has a small, but not negligible, influence on the stress ratio for a uniaxial stress change in
the matrix. Medium values of v have the highest impact on the stress ratio, whereas this impact
is minimized for values of v =0 and v = 0.5. Also noted is the effect of geometry on the
inclusion model. As illustrated in Figure 2.7, when o is small, axial stresses in the inclusion
increase with an increase-in the lateral stresses in the matrix. However, for larger values of o
and v, axial stresses in the inclusion may decrease. The registration error involved with
determining inclusion stresses (defined above as the overstress ratio) was linearly proportional to
the geometry, o, which agrees with a simplified analysis by Hvorslev (1976) based on Taylor’s

earlier work and Peattie and Sparrow (1954).

Experiments by Peattie and Sparrow

Experiments were conducted by Peattie and Sparrow (1954) to investigate the

dependence of various design parameters and soil types on the behavior of earth pressure cells.
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Cells of differing height-diameter ratios, modular ratios (M./M;), and sensitive-area-to-total-area
ratios were constructed and tested in a soil chamber. Loose and dense sand, as well as clay at
multiple water contents, were used. The chamber was filled with soil, the cell was placed in the
middle of the chamber, and a uniform load was applied to the surface of the soil at the top of the

chamber.

In order to determine earth pressures acting on the cell within the chamber and thus
evaluate the response of the cells, the following solution, derived from Taylor (1947) and similar

to Equation 5, was used:

o H
¢=C,— 14
o )) (14)

s

with Cx being the cell action factor, defined by

K157
Co=|l =g (1)
1+ ——=

DM,

where 6. = o; — ;s is the pressure recorded by the cell, o is the field pressure existing at the
plane of the cell in its absence, M, is the Young’s modulus of the soil, M is the Young’s
modulus of the cell, K is a constant value defined by soil properties, H is half the height of the
cell, and D is the diameter of the cell. Assuming that o, the pressure recorded by the cell, was
given by o, = o5 + o, the following equation was used to calculate pressure on the cell, where o,
was the pressure applied to fhe soil surface:

o H o.
£=|C,—+1|— 16
% (e h)2 (16)

4 4

However, since 6./, varied with pressure, the pressure reading from the thinnest cell, o, was
substituted for o,. So the relation for calculating pressure on the cell became

Ie - (c,, £1’—+1) s 17)
fo2 D o

cl cl

Results from the experiments by Peattie and Sparrow investigated the variation of cell

errors with H/D, the effect of applied pressure, the effect of the ratio of sensitive area to total
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area of the cell, the value of the modﬁlar ratio, and the effect of the time for which the load was
allowed to act. The cell error was seen to be directly proportional to the height-diameter ratio,
H/D, for all soil types tested; loose sand unit weight = 15.9 kN/m® (101 1b/ft’), dense sand dry
unit weight = 16.3 kN/m® (104 Ib/f’), clay unit weights = 18.4, 17.3, and 17.4 kN/m’ (117, 110,
and 111 1b/ft3). As the ratio increased, so too did the cell error. The cell action factor, C,, was

found not to be constant for cells of equivalent H/D ratios tested in different soil types.

The effect of the applied pressure on cell registration (po/pc1 vs po) was examined for
various cases of H/D. There was no variation in C, for tests in loose and dense sand. In dense
sand, Ca changed only when the diameter of the sensitive area was greater than 38.1 mm (1.5 in).
For tests in clay, Cs became more dependent on pressure as the water content was decreased.:

However, as the pressure increased, this dependence decreased.

The effect of the ratio of sensing area to total area of the cell was studied. The
percentage of normal stress above the field stress (value of normal stress in the absence of the
cell) was mapped across the face of the cell. The pressure near the center of the cell was
observed to be higher than the field value, in accordance with the Monfore’s (1950) prediction.

It was seen, for all soil types, that high pressures developed at the cell edges. This trend was also

. in agreement with the solution by Monfore. However, in tests with loose and dense sand, the

pressure at the edge of the cell approached a limiting value. The dense sand; in fact, showed the
pressure to increase to a maximum value near the edge of the cell and then decrease slightly. To
minimize errors, it was advised that the edges of the cell not be sensitive to pressure. For cells
76.2 mm (3.0 in) in diameter, a sensitive area with a 38.1 mm (1.5 in) diameter was suggested as

optimum.

The value of the modular ratio, M/M;, and its effect on cell error was studied. It was
found that the cell error was independent of the value of M/M; when the ratio was greater than
10. It was concluded that cells should have a modulus such that M/M; is larger than 10, because
the error, though at a maximum, is then independent of the ratio. When the ratio is at unity, the

error is minimized, but will be greatly affected by small changes in M;.
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The effect of the time for which the load was allowed to act was also explored. All tests
conducted in sand, both loose and dense, were observed to be independent of time. The driest of
the clays tested, water content = 13.5%, also exhibited time independence. For wetter clay,
water content = 16%, Cy varied, but for sensitive area diameters of 38.1 mm and 50.8 mm (1.5

in. and 2 in.) C was time independent.

The conclusions reached by Peattie and Sparrow were that (1) the cell error was directly
proportional to H/D, (2) cell error was dependent on the relative size of the sensing area, and (3)
cell error was not large when due to changes in the modular ratio. Indeed, the error was
independent of the modular ratio when its value was greater than 10. For design purposes, H/D
should be kept as small as possible. Design recommendations for the ratio of sensing area to
total area of the cell were given: for pressure-averaging (fluid filled) cells, a ratio of less than
0.25 was recommended; for cells employing pressure responsive diaphragms, a ratio of less than

0.45 was recommended.

Terzaghi’s Trapdoor Analogy

Terzaghi (1943) considered the problem posed by an unsupported strip of a rigid
boundary yielding under the weight of overlying soil. The soil forces acting on the strip were
then regarded as analogous to those forces resulting from the displacement of the sensitive face

of an EPC under loading. This situation was termed a “trapdoor analogy” by Hvorslev (1976).

When the trapdoor yields away from the soil mass, the soil above the strip will displace
downward. The relative movement of the yielding soil to the adjoining stationary part is
opposed by a shearing resistance due to friction along particle contacts between the zones (Fig.
2.9). The stresses that are generated tend to decrease the active pressure acting on the trapdoor.
The decrease of stress from the yielding support strip to the adjacent soil is commonly referred to
as an arching effect, since the soil is considered to effectively arch over the yielding trapdoor
(Terzaghi 1943).
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Figure 2.9. Yielding trapdoor analogy, active case. (Terzaghi 1943)

The shearing interface between the moving and stationary soils was idealized as a
vertical, planar surface. The boundaries of the shearing interface extended from the edges of the
trapdoor upward to a critical distance, z;. Beyond the distance, z;, the soil would not be affected
by arching, but soil above the zone of arching would contribute to the overall surcharge acting on
the yielding soil mass. For sandy soils, the active pressure, oy, acting on the trapdoor was given
by
~Ktan ¢(%9) (18)

o, =ge
where q is the surcharge above the arching zone, K is the coefficient of earth pressure at rest, z is

the distance above the tfapdoor within the arching zone (z < z;), and B is the half-width of the
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trapdoor. According to Terzaghi, the critical distance, z;, above the yielding strip beyond which

arching does not occur, was between 4B and 6B for active pressure conditions.

Trapdoor Experiments

A series of experiments with circular trapdoors were carried out by McNulty (1965) at
the Waterways Experiments Station. The tests involved circular doors of two diameters installed
at the bottom of a test bin, and two types of medium grained sand placed at two different
densities. The depth of sand was varied, but never exceeded twice the diameter of the trapdoor
being tested. The pressure on the trapdoor and its displacement were recorded. Nearly linear
relations between pressure and displacement were observed for displacements less than 0.0002
_ times the diameter of the door. McNulty noted that such small movements may change the
pressure on the door by as much as 50 percent. In a theoretical treatment of the test data, for the
case where the trapdoor yields downward and away from the sand (active case), the results agree
fairly well with Terzaghi (1943) when Equation 18 is transformed from a strip-type to a circular

door of radius, R:

_2Ktan¢(7R) (19)

o, =qe
The circular trapdoor experiments were thought to be excellent models for the action of EPC

placed flush with rigid boundaries.

A theory for the .determination of the approximate axial stress on a cell in a free stress
field was proposed by Mason (1965). It was assumed that soil deformations and stresses at
distances greater than z, were not influenced by the cell, similar to Terzaghi (1943). Mason’s
theory considered only the average stresses within a soil cylinder above and below the cell. The
stress, o, was taken to be either the uniform stress in the free soil or the uniform load acting at
the critical distances. The relation between the stress on the cell, o, and the field stress, Gs, wWas
the same as that for a trapdoor (Eqn. 19). The relation between o. and o; at the critical distance

z, was given by:
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=R 1 % (20)
2Ktang |\ o, '

Also presented were equations for the differential settlement around the cell due to soil and for

relating the stress ratio (o./cs) and the modular ratio (My/M.), (active pressure case):

_ (—;)( Te J2K tan ¢ _
M, v o, 1)

M —_—
: ln[&]-n[s'_c}(é]manqﬁ
o, o, R

The above equations were compared to test data produced from a cell embedded in a free

soil stress field (Fig. 2.10). The solid lines represent theoretical relations and the dashed lines
indicate experimental data. Both showed a decrease in active stresses with increasing depth

below the free soil surface until a critical distance was reached. Thereafter, the stress ratio

(c./05) was constant with additional increases in depth.

The experiments by Mason and Associates were of the same form as McNulty (1965) in
terms of measuring load and deflection, but the cell was embedded in a free soil stress field
instead of a trapdoor at a rigid boundary. Both experiments showed good agreement with theory
(Eqns. 20-21) for small deformations. This depended in large part on the values of the soil

parameters used in the theoretical equations.
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Figure 2.10 (Mason 1965, from Hvorslev 1976). Limiting stress change versus soil cover.

Extension of Related Work

Recent EPC calibration work was conducted by Van Deusen (1992) and also by Selig
(1995). Both calibrated an EPC under fluid (air) pressure and studied its performance within a
chamber of soil subjected to a surface loading. Neither Van Deusen or Selig conducted
experiments that isolated the sensing face of the cell in order to measure the effect soil arching
had on the EPC output. Because of an inclusion effect, where an EPC usually acts as a stress
attractor, the cell tends to overestimate the magnitude of earth pressures within soils. However,
as shown by Terzaghi (1943), arching can develop above an EPC and resistive shear stress can

reduce the normal stress acting on the sensing face of the cell.
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CHAPTER 3
PRELIMINARY CALIBRATION

An EPC, as previously stated in Chapter 1, is calibrated by applying a known, uniform
pressure to the sensing face of the cell. The electrical output from the cell is recorded and
plotted versus pressure. The relation between pressure and cell output should be linear, with the
slope of the line yielding the EPC sensitivity [vdc/kPa]. Manufacturers typically use fluid
pressure when calibrating their cells. However, an EPC is used primarily to measure normal
stresses within a soil mass. Therefore sensitivities obtained from fluid calibrations may not be
suitable for practical applications. A more appropriate calibration method may be to load the

EPC through soil to account for possible non-uniform loading and arching effects.

Preliminary study of EPC calibration methods involved analyzing the response of the cell
under simple fluid loading calibrations (Fig. 3.1), verifying the EPC sensitivity value as provided
by the manufacturer, and observing any possible changes in EPC output as a result of
temperature variation. Fluid calibrations were performed under three basic conditions: all-
around hydrostatic loading, uniaxial loading on the active face, and radial loading around the
perimeter of the EPC. A calibration sensitivity was calculated for each loading condition. They
were compared with each other and with the manufacturer’s value. A separate set of

experiments was conducted where the EPC output (with no external load) was monitored with

changes in temperature.
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Figure 3.1. Simple fluid calibration conditions: hydrostatic pressure (top), acting on all sides;
uniaxial (middle), acting on the active face only; radial (bottom), acting around the perimeter.

Hydrostatic Fluid Calibration

The EPC was tested under simple hydrostatic pressure conditions. The cell was placed
inside a pressure vessel (Fig. 3.2). Hydraulic oil was injected into the vessel and used as the
pressurizing medium. The test was controlled by an external hydraulic pressure application
system, with a manually operated hand pump. The pressure within the hydraulic system was

monitored by a pressure transducer and multimeter.
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A series of hydrostatic calibration tests were conducted. The tests involved pressurizing
fluid in the vessel and monitoring the response of the EPC upon both loading and unloading.
Pressures ranged up to a maxifnum of 689.5 kPa (100 psi). EPC output readings were manually
recorded at 137.9 kPa (20 psi) increments. The EPC readings were plotted against the applied
hydraulic pressure on a calibration curve. A trend line was drawn through the data and fixed
through the origin. The sensitivity of the cell was determined from the slope of the line. The

sensitivity results from the hydrostatic calibration tests agreed well with the manufacturer’s value

(Table 3.1).

Hydraulic oil
bleeder valve

Hydraulic oil
injection valve

Figure 3.2. Pressure setup for hydrostatic loading.
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Table 3.1. Summary of Kulite EPC fluid calibrations.

Loading type

Sensitivity (wdc/kPa)

Sensitivity (vdc/psi)

Kulite manufacturer

0.0208

0.1435

Hydrostatic

0.0211 (+1.4%)

0.1454 (+1.3%)

Uniaxial

- 0.0209 (+0.5%)

0.1438 (+0.2%)

Radial (In-plane)

0.0000 (n/a)

0.0000 (n/a)

Uniaxial Fluid Calibrdtion

In order to allow the direct application of a uniaxial load upon the active face of the EPC,
a uniaxial calibration device was designed and constructed. The primary function of the device
was to permit the uniaxial loading of the EPC through fluid or an isolated soil column. A
detailed description of the device and its design and an explanation on how it operates are given
in Chapter 4. For fluid calibration purposes, the device permitted the application of fluid to the
active face of the EPC (Fig. 3.3). |

Threaded bolt holes Capping plate

Injecti ive
yectonva Bleeder valve O-rings Center plate

=

Base plate

Figure 3.3. Uniaxial calibration device, configured for fluid loading.

Several uniaxial fluid calibration tests were performed on the cell, with hydraulic oil used

_ to pressurize the active face of the cell. During each test, the response of the cell to loading and
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unloading was monitored. Output from the EPC was manually recorded at 68.95 kPa (10 psi)
intervals during both loading and unloading. The EPC readings were plotted against the applied
uniaxial fluid pressure on a calibration curve. A line was drawn through the data and the origin.
The sensitivity of the cell was determined from the slope of this line. The sensitivity results from
the uniaxial fluid calibration tests showed good agreement with the value from the manufacturer

(Table 3.1), with the percent difference given in parentheses.

Radial Fluid Loading

The aim of the in-plane loading study was to determine if pressure applied radially to the
rim of the EPC was detectable. The earth pressure cell was placed in the uniaxial calibration
device in the same manner as for a uniaxial fluid calibration. However, the quick-release fitting
was removed and replaced with a hydraulic plug, thus completely isolating the active face of the
EPC from external hydraulic oil pressure. The entire apparatus, device and EPC, was placed
inside the pressure vessel that was used during the hydrostatic loading tests. The test was
conducted the same as a hydrostatic calibration. However, since the active face of the EPC was
sealed and isolated from any fluid contact, loading took place around the sides of the cell. Cell

readings were manually recorded at 68.95 kPa (10 psi) loading and unloading increments.

The EPC output recorded from the radial loading test was found to be negligible when
compared to the other fluid calibration tests (Table 3.1). A graphical summary of the fluid
calibration sensitivities from all three loading conditions is presented in Figure 3.4. The uniaxial
and hydrostatic sensitivities were virtually identical, illustrating the negligible influence of

pressure acting on the rigid sides of the EPC.
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Figure 3.4. Kulite EPC fluid calibration sensitivities. The response of the EPC under hydrostatic
loading was equivalent to its response under uniaxial loading.

Temperature Effects

Because of the wide range of temperature extremes experienced during Minnesota’s
seasons, the possible consequences of temperature variation on EPC output were also explored.

Temperatures in Minnesota can range from over 37.8°C (100°F) to well under —17.8°C (0°F).

The EPC was placed in an environmental chamber. The cell was cooled from 24°C
(75°F) to -9°C (15°F) in 3°C (5°F) decrements. Approximately fifteen minutes were allowed
during each decrement for the EPC to equilibrate with the new temperature. No loading or
pressure of any kind was applied to the active face of the cell during the test. EPC output was
monitored through the test and readings were manually recorded at the end of each step, just

before the temperature decreased to its next level.

The output from the cell was plotted versus temperature (Fig. 3.5). The fluid calibration

sensitivity was used to convert the variation in EPC output from volts [vdc] to the corresponding
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variation in pressure [kPa]. However, this pressure variation is only the apparent change since
no pressure was applied to the EPC during the test. Any recorded change in output from the

EPC was due exclusively to changes in temperature‘.

Temperature, Celsius (°C)

30 25 20 15 10 5 0 5 -10 -15
« Fahrenheit Temperature sensitivity
4 Celsius Stamp = -0.0027 (psiiF)
o8 = = Linear (Celsius) Stemp = -0.0048 (psi/°C)
' ——Linear (Fahrenheit)

0.6

04 }

0.2 |

Variation in EPC output expressed as pressure change (psi)

80 10 0

Temperature, Fahrenheit {°F)

Figure 3.5. Temperature influence on EPC output.

As illustrated in Figure 3.5, the EPC interpreted a decrease in surrounding temperature as
an increase in pressure. However, this apparent increase was minute, only 1.34 kPa (0.2 psi)

over a range of nearly 35° C (65° F).

Summary

EPC manufacturers usually employ fluid pressure, typically air, for their calibrations.
Through fluid calibration, the response of the EPC was observed to be consistent with the
information provided by the manufacturer. The cell registered loading only when pressure was

applied to its active face. Likewise, no loading was registered by the cell when fluid pressure
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was radially applied to its sides. It responded the same to hydrostatic loading as it did to uniaxial

loading, and the results of both loadings were the same as the results from the manufacturer.

‘However, when in actual use, an EPC is placed within soils of various types. It is likely
that an EPC will not respond the same when exposed to soil pressure as for fluid pressure.

Therefore, it would seem appropriate for an EPC to be calibrated in a manner that involved

loading through soil.
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CHAPTER 4
UNIAXITAL SOIL CALIBRATION

An EPC is typically calibrated by utilizing fluid pressure to determine a sensitivity, which
can then be used to transform a cell’s recorded electrical output into a pertinent estimate of earth
pressure. It is implicitly assumed from such a calibration procedure that the response of the EPC
under uniform fluid pressure would be equivalent to the earth pressure experienced under field
conditions. However, that assumption does not acknowledge the potential for arching to occur in

the soil.

In this chapter, a new method of calibration is proposed, whereby an EPC will be
evaluated by applying pressure on a soil column. A device was designed to allow loading to the
sensitive face of the EPC through soil. From these calibrations, a sensitivity will be calculated.
It is expected that this soil sensitivity will be more appropriate for practical use than the fluid
sensitivity, Sy, of the previous chapter, which was computed from application of uniform

pressure.

Uniaxial Calibration Device

In order to conduct uniaxial calibration tests on an individual EPC, a special loading
apparatus was devised. A schematic cross-section of the device is shown in Figure 4.1. The
apparatus was designed to allow uniaxial loading on only the sensitive face. The EPC was
placed in a cavity at the center of a steel plate. A radial groove containing a rubber O-ring
surrounded and sealed the cavity. The O-ring provided a radial seal to the sides of the EPC and
held it securely in place. A plastic sleeve was inserted into the center plate, in the space above
the EPC. Soil was poured into the cylindrical space within the plastic sleeve and above the

active face of the EPC.
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Another steel plate formed the cap of the apparatus and was attached to the first steel

plate, above the EPC active face, by six bolts. A small cavity was constructed in the inner
portion of the plate to house the hydraulic oil that would generate pressure during a calibration
test. A quick-release hose fitting a;nd a bleeder plug were threaded on the top of the capping
plate. The quick-release fitting was connected, through a rubber hose, to a hydraulic oil supply.
A hand pump injected oil from its container, through the hose, and into the inner cavity of the
capping plate. An axial O-ring sealed the boundary between the capping plate and center plate.
The bleeder plug allowed for air to be extracted from the system during oil injection (see also

design sketch in the Appendix).

Threaded bolt holes Plastic sleeve . Capping plate

Injection valve

1

Rubber membrane Bleeder valve O-rings Center plate

Base plate

Figure 4.1. Uniaxial calibration device, configured for soil loading.

The uniaxial calibration device was used to observe the EPC response to simple loading
conditions through soil. Loading of the EPC was initiated as fluid pressure (hydraulic oil) was
applied to a rubber membrane, which was inserted between the capping and center plates of the
device. The rubber membrane isolated the oil from a soil column, which was in contact with the
cell’s sensing face. Fluid pressure applied to the membrane was subsequently applied to the
surface of the soil column, and transferred through the column to the face of the EPC. The
plastic sleeves that housed the soil column was composed of a low-friction material. Because the

sleeve could be removed from the device, the height and diameter of the sleeve could be varied.
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Soil Loading Calibration

Two dry sands, Ottawa 20-30 and 50-70, were used for the soil pressure calibration tests.
Ottawa 20-30 silica sand is a uniform sand with grains passing a #20 sieve and retained on a #30
sieve (grain size ~ 0.73 mm). Ottawa 50-70 is also a uniform sand with grains passing a #50

sieve and retained on a #70 sieve (grain size ~ 0.25 mm).

Plastic sleeves were machined in varying combinations of heights at 12.7 and 25.4 mm
(0.5 and 1 in.) and diameters of 25.4, 38.1, and 50.8 mm (1, 1.5, and 2 in.). The largest diameter
sleeve (50.8 mm) allowed for loading over the entire face of the EPC. The unit weight of the
sand in the column was kept constant at 16.3 KN/m® (104 1b/ft®) during all tests (voids ratio of

0.59).

The EPC was tested in the uniaxial calibration device under various loading
configurations. The fluid pressure applied to the soil column was increased in 69 kPa (10 psi)
increments to maximum values of either 480 or 550 kPa (70 or 80 psi). From the maximum
value, the EPC was unloaded by decreasing the fluid pressure in 69 kPa (10 psi) steps back to
zero gage pressure. EPC data were taken by manually recording the output voltage reading from
the cell at each load step. Readings were recorded once the fluid pressure had stabilized,
typically in thirty seconds. Several load/unload pressure cycles were performed for each
calibration test. One pressure cycle was comprised of a single set of loading and unloading

steps.

The fluid pressure applied to the soil column was plotted on the horizontal axis, and the
electrical output from the EPC was plotted on the vertical axis. A calibration curve showing a
typical load/unload cycle is given in Figure 4.2. The response of the cell to an increase in soil
pressure was linear. Upon unloading, hysteresis was observed. It is hypothesized that the sand
grains locked together and temporarily retained a portion of the previous load level. The effect

vanished upon complete unloading. This behavior was observed in all tests, for all cycles.
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A typical calibration test, with the series of load/unload cycles is shown Figure 4.3. The
output values for consecutive cycles have been artificially increased by one volt from the
previous cycle to aid in viewing the figure. For example, although the true output level for Cycle
2 at zero pressure was 0.0 vdc, the figure shows an output reading of 1.0 vdc for zero pressure so
that one can distinguish the trend of Cycle 2 from the other load/unload cycles. This was done

for all six cycles. As seen from the figure, all cycles exhibited hysteresis upon unloading.

Pressure (kPa)
0 100 200 300 400 500

« Loading (linear)
x Unloading (hysteresis) »

*x

. EPC (vdc)
(4]
x

*X

*X

0 10 20 30 40 50 60 70 80
Pressure (psf)

Figure 4.2. Calibration load/unload cycle.
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Figure 4.3. One calibration test as a series of six load/unload cycles.

To determine a calibration sensitivity, only the loading part of the calibration curve was
used. A linear trendline was fitted through this portion and the slope was calculated. The slope

was then taken as the sensitivity of the EPC.

The results of the soil calibration tests are summarized in Table 4.1. Sensitivities are
given in units of volts of EPC output per kPa of applied pressure [vdc/kPa]. The fluid sensitivity
computed from the fluid calibration tests is also given for comparison purposes. The EPC
yielded a smaller change in output when loaded with soil than with fluid. In other words, the
sensitivity values calculated from the soil calibration tests were lower than the sensitivity
determined from fluid calibration. This would indicate that the EPC responded differently under
soil loading than under fluid pressure. That is, for equivalent values of pressure applied through
fluid and soil, the EPC yielded differing levels of output. This result suggests that arching
developed. An average soil sensitivity was calculated to be 0.017 vdc/kPa (0.118 vdc/psi) while
the value provided by the manufacturer was given as 0.021 vdc/kPa (0.144 vdc/psi), a difference
of 20% (Table 4.1).

39



]
The effect of load area is presented in Figure 4.4. Calibration sensitivities relating to the l
different soil column diameters are plotted. All tests were conducted with Ottawa 20-30 sand.
The fluid sensitivity is also given as a solid line for comparison. l
Table 4.1. Summary of soil calibration sensitivities. l
Soi Height Sensitivity '
(mm) (in) (vdc/kPa) (vdc/psi)
fluid 0 0.0 0.021 0.146 '
2030 12.7 0.5 0.018 0.123
2030 12.7 0.5 0.018 0.122 l
2030 12.7 0.5 0.016 0.112
2030 12.7 0.5 0.018 0.126 - .
2030 12.7 0.5 0.020 0.137
2030 12.7 0.5 0.019 0.132 l
2030 254 1.0 0.014 0.097
2030 254 1.0 0.015 0.101 l
5070 12.7 0.5 0.018 0.123
5070 12.7 0.5 0.018 0.122 l
5070 254 1.0 0.015 0.106
5070 25.4 1.0 0.017 0.118 I
Mean 0.017 0.118
Standard Deviation " 0.002 0.012 '
i
i
]
i
i
40 I
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Figure 4.4. Soil calibration curves for different load areas.

The ’sensitivities computed from the two larger soil diameters were nearly the same,
although the sensitivity from the 38.1 mm (1.5 in.) diameter was higher than that from the 50.8
mm (2 in.) diameter. This was believed to be due to an arching effect developing within the 50.8
mm (2 in.) soil column as a result of loading taking place over the entire cell face, which
includes the rigid, inactive rim (Fig. 4.5). Soil loading through the 38.1 mm (1.5 in.) column did
not include this rim and the arching effect was lessened (friction was reduced along the plastic

sleeve). Thus, the resulting sensitivity was higher.

Calibration sensitivities pertaining to the two soil types at two different heights (Ottawa
20-30 and 50-70 sand) are presented graphically in Figure 4.5. The curves shown are typical for
their respective calibration condition. The fluid sensitivity is again given for comparison
purposes. All soil sensitivities were less than the fluid sensitivity; that is, the cell output was
reduced for the same value of applied pressure. The sensitivity for a column height of 12.7 mm
(0.5 in.) was nearly the same for both soil types. As the height was increased, the soil sensitivity

decreased.

41



Pressure (kPa)
0 100 200 300
10 ; .
S, soil type and height (vdc/psi) fluid :
g | |Smie =0.1442 —— 2030 (0.5") ;
Ssoro0s =0.123¢ |1 L 2030 (17) K A
5 | [Szxesy = 01220 - -+ <5070 (0.5 ¢
Sz030(1 = 0.0975 ——_-5070(1") L .
35070(1') =0.1072 2 P
7 1 - ’/’ .-.'
g
6 Lo
g xe
o ° 2 ,/':._--"'
& PR
. /,.,""...
et
3 et
2 ”/ .»"-'
St "
1 %
2w
0 . : : . .
0 10 20 0 40 50 60 70 80

Pressure {psi)
Figure 4.5. Soil calibration curves for two types of silica sand at two column heights.

While the soil sensitivity was not seen to differ significantly between the two soil types
(calibration values from both soils fell within £10% of each other), the EPC sensitivity was
observed to decrease when the soil height was increased (Fig. 4.6). The trend between the soil
sensitivity and soil height appeared to converge to a limiting value. As the soil height increased,
the EPC approached what could be considered a far-field soil sensitivity. As the height of the
soil column, H, increases, no additional decrease in the sensitivity should be expected as the
critical distance where no further arching can develop was reached. Nevertheless, this trend was
inconclusive since only two soil heights were tested. A sensitivity line was drawn at 0.017
vdc/kPa (0.118 vdc/psi). This was the average value from Table 4.1a and will sub‘sequently be
taken as the EPC soil sensitivity.
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Figure 4.6. Sensitivity variation with soil column height.

Analysis
Effect of the Sensing Area

The response of an earth pressure cell to the applied pressure is governed by force
equilibrium:

PA = g, Azpc | 22)

where p = uniform pressure, A; = loading area, and q = loading on the EPC, Agpc = EPC sensing

area. The EPC sensitivity, S;, for loading over an area, A;, is given by
S =t (23)

and V; is the voltage output from the cell. Solving Equation 23 for the uniform pressure, p, and

substituting it into Equation 22 yields
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v,
< A = q:Agec (24)
s,

or rearranging
% = -4—559&. =C (25)
4d; 4;

The ratio, Vi/q;, is a unique property of every cell and it remains constant for all loading areas on
the earth pressure cell under uniform loading conditions. The sensitivities calculated from two
different load areas, A; and A,, which are subjected to the same uniform pressure, p, are related
by )

AEPC Sl - AEPC Sz (26)
Al A2

The above relation reduces to a ratio of the sensitivities to the squares of the respective loading

diameters, D; and D; (Eqn. 27).

2
_Si = .é_ = _D_2_2._ 27
S, 4 D,
Equation 27 holds for the ideal case of uniform loading applied across any area on the EPC. It is
not valid when loading the cell through a soil column because shear stresses invariably develop

that reduce the effective loading over the face of the cell.
Effect of Arching

Figure 4.7 illustrates the free body diagram of the soil column during calibration. The
applied uniform fluid pressure, p, acted on the top of the soil column of height, H. As a result of
the applied pressure and the deflection of the cell diaphragm, frictional resistance developed
within the soil column, which gave rise to opposing shear stresses. The result was an arching

effect in the soil column that effectively reduced the load acting on the face of the EPC.
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Figure 4.7. Arching over a deflecting diaphragm.

Depending upon the diameter of the applied pressure, the shearing resistance developed
either along the interface of the sand and the plastic sleeve, or between particle contacts along an
idealized vertical boundary extending from the inner edge of the rigid rim. The shearing
resistance, 1, is a function of the horizontal stress, oy, in the soil column and the friction angle of
the shear boundary, ¢, which corresponded to either the sand or the sand/plastic sleeve interface.
The horizontal stress can be related to the vertical stress by the coefficient Ky = on/cy. The
shearing resistance can then be given by

7=0,K,tan¢ (28)

Equilibrium in the vertical z-direction for a soil section of thickness, dz, can be written as

2 2

) D,
o ”IZ ' -—(av+d0'v)7r4’ +7D,dz7 =0 (29)

v

where D; is diameter of the soil column, and o, and o, + do, are the vertical stresses acting
above and below the soil section. Equation 32 can be rearranged as

do, 44
=z

(30)

o D.

v 1
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where A = Kotan ¢. Integrating the above equation yields

o, = Aexp(M,DiJ G1)

The constant A can be determined by applying the boundary condition at the top of the column.
When z = H, the height of the soil column, o, = p, the fluid pressure. This yields

G, =p exp[4/1 iﬁJ (32)

Di

Also, at z = 0, at the bottom of the soil column, o, = p', the effective loading through the soil on
to the cell. Therefore, the ratio of the fluid pressure, p, and the effective loading on the cell, p', is
given by

p'=p exp(— 42 g) (33)

i

The effective loading, p', is the resultant pressure acting through the soil on the face of
the EPC. It reflects the influence of the shear stress existing in the soil above the cell. Once the
effective loading is found, the corresponding reactive loading, q present in the cell can be
determined. From equilibrium at the soil-EPC interface, the loading q is found in the same
fashion as in Equation 22. ‘ |

p'4; = qAgpc (34)
Substituting Equation 33 into the above relation and writing the areas in terms of the diameters,

D; and Dgpc, gives

H\2D! 7D
pexp(— 4/1—D—J 2 =1 ZPC (35)
Upon rearranging, Equation 35 becomes
2
2. Do exp(Mg_J | (36)
q i i

For the case of the 38.1 mm diameter soil column, the diameter of the sleeve was
approximately equal to that of the diaphragm and the inner edge of the rim (D; = Dgpc = 38.1

mm). Therefore, the shearing resistance, 1, is dependent on the friction angle of the soil-plastic
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sleeve interface. Since the friction angle along the soil-sleeve interface is less than the internal

friction of the soil, arching was reduced and the sensitivity value was larger (Table 4.2).

The sensitivity from the smallest diameter showed a significant decrease (Table 4.2).
This was due simply to the fluid loading being applied over a much smaller area. The fluid
pressure, p, exerted a force across a small soil column area, A, and the sensitivity value was
small. For the largest soil column (D = 50.8 mm, 2 in.), frictional resistance to the applied fluid
pressure developed along an idealized vertical boundary at the inner edge of the rigid rim (D; =
38.1 mm, 1.5 in.) because of the deflection of the diaphragm on the sensing face of the EPC.

The sensitivity value was therefore smaller than that from the 38.1 mm diameter soil column.

Table 4.2. Influence of load area on EPC sensitivity.

Soll Diameter Sensitivity
(mm) (in.) (vdc/kPa) | (vdc/psi)
2030 254 1.0 0.007 0.048
2030 254 1.0 0.007 0.049
2030 254 1.0 0.007 0.049
2030 38.1 1.5 0.019 0.132
2030 38.1 1.5 0.019 0.134
2030 50.8 20 0.017* 0.118*

* Mean sensitivity values from Table 4.1.

The loading ratio, p/q, from Equation 36 can be expressed as a ratio of sensitivities for
fluid and soil loading. The fluid pressure, p, is equivalent to the voltage output from a fluid
calibration test divided by the fluid sensitivity, Sr. The reactive loading, g, 1is equivalent to the
voltage output from a soil calibration test divided by the fluid sensitivity. The ratio p/q then
becomes a ratio of the voltage levels, which is equivalent to the ratio of the fluid sensitivity to

the soil sensitivity, S¢/S;:

Vf/
S, vV S 2
p f / s _ Derc exp(4/1£[] (37)

q % Vi hY D,-Z
f

H
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The exponential term indicates the level of shear resistance present in the soil column,
where A = K, tan ¢; K, being the ratio of horizontal to vertical stress, and ¢ being the friction
angle along the shear resistance interface. Figure 4.8 plots the two states of soil friction between
the sensitivities and the soil column height for the two different soils. The slopes of the two lines
represent the values of the exponential term in Equation 37, 4A(H/D;), for the two conditions.
From the two slopes in the figure, A = 0.1405 and 0.0942. Assuming K, = 0.25 for 1D

compression, the friction angle is estimated to be 20 — 30°.

Figure 4.9 shows a similar plot of the states of shear resistance present at the soil-plastic
sleeve interface. The log of the sensitivity ratio is plotted versus the height-to-diameter ratio for
two different diameters at a constant height. From the figure, A = 0.1335 and 0.0596. Assuming
K, = 0.25 for 1D compression, the friction angle of the soil-plastic sleeve interface is estimated

to be 15 - 30°.

0.5
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Figure 4.8. EPC sensitivity relationship to soil height.
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Figure 4.9. EPC sensitivity relationship to soil column diameter.
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CHAPTER 5
"UNIVERSAL CALIBRATION

A universal calibration chamber was devised to test the EPC in a three dimensional soil
environment subjected to an axial load. For convenience, a 55-gallon drum was used to
construct the chamber (Fig. 5.1). The inside diameter, D, of the drum was 572 mm (22.5 in.),
and the height, H, was cut down to 584 mm (23.0 in.). Sand was filled into the bottom third of
the drum. A fluid-filled rubber bladder was placed on top of the soil. A second layer of soil was
filled into the middle third of the drum. The EPC was placed in the center of the chamber within
the middle layer. A second fluid-filled rubber bladder was placed on top of the middle layer.
Finally, a third layer of soil was poured on top of the second rubber bladder. The top soil layer

acted as a buffer between the load frame and the upper rubber bladder.

The purpose of the rubber bladders was to develop a boundary condition of uniform
pressure across the top and bottom of the middle layer. In addition, any difference in pressure
between the upper and lower bladders was used to evaluate frictional effects along the inside
walls of the drum. The frictional effects were observed to be minimal; the pressure in the lower

bladder was only slightly smaller than in the upper bladder.

The fluid-filled rubber bladders were used to measure vertical pressure at two locations
within the chamber (Figs. 5.2 and 5.3). The bladders were pancake-shaped and sized to fit flush
with the inner diameter of the drum. Diametrally opposing holes 19.1 mm (0.75 in.) in diameter
were drilled into the drum at positions of one-third and two-thirds the overall height. The outlet
valves from the bladders protruded from the drum at those locations. Pressure transducers
connected to the outlets provided electrical signals from the bladders. The response of the
bladders to loading matched well with the expected stresses calculated by dividing the load by

the circular area of the drum.

A 13 kN (3000 llb) capacity load cell with a sensitivity of 1.3 kN/vdc (300 lb/vdc)
measured the applied force. A series of four steel plates with diameters equal to 76.2, 229, 381,

and 533 mm (3, 9, 15, and 21 in.) were used to transfer the force from the load frame actuator to

Preceding Page Blank .



the soil-filled chamber. The plates were stacked with the largest one of diameter 53.3 cm (21 in.)
resting on the surface of the top soil layer and then stacked sequentially upwards in order of
decreasing diameter. All four plates were 12.7 mm (0.5 in.) thick. The stacking provided a
distribution of stress that was approximately given by the force divided by the drum diameter,
which matched within 2% of the fluid pressure measured from the bladders (Fig. 5.4).

L D ' |

Figure 5.1. Universal calibration chamber.

52



Figure 5.2. Universal calibration bladder. The bladders were custom-designed by
Perma-Type Rubber, Inc., Plainville, Connecticut.
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Load frame actuator

e 1 22 Wire to EPC

Top soil layer

Upper bladder

Lower bladder

Bottom soil layer '

Figure 5.3. Universal calibration components. The above schematic represents the
configuration of steel plates, bladders, soil, and EPC within the universal calibration
chamber.
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Universal Calibration Overview

The universal calibration tests were conducted at the Mn/DOT Materials and Road
Research facility in Maplewood, Minnesota. An Interlaken (Minneapolis, MN) load frame was
used to generate the force needed to load the EPC. The load frame was a part of a closed-

loop/servo-hydraulic system that was controlled by a desktop PC.

Two types of tests were conducted: static and rapid loading. The peak load generated for
both test types was 13.3 kN (3000 Ib), which translated to approximately 55.5 kPa (8 psi) over a
572 mm (22.5 in.) diameter circular area. Static loading tests consisted of constant load and
unload rates of 44.48 N/s and 88.96 N/s (10 Ib/s and 20 Ib/s). Rapid loading tests consisted of a
0.1 second load pulse applied cyclically to the chamber. The pulse was haver-sine in shape and
took 0.05 s to load, 0.05 s to unload; a sleep time of 0.9 s was used before the next pulse was

applied. One rapid loading test consisted of twenty cycles.

The electrical output from the EPC was collected by an independent data acquisition unit.
Data from the load frame’s load cell, and from the bladder’s transducer, were gathered by a
desktop PC. A temporal delay, on the order of four milliseconds, existed between the arrival of
the EPC output and the load cell and bladder transducer data. This delay was observed in all

plots of rapid loading test data.
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Figure 5.4. Bladder response. The pressure measured in the bladder matches the force (divided
by the area of the chamber) recorded by the load cell; the two curves are virtually
indistinguishable from one another.

Universal Calibration — Dry Sand

The first series of universal calibration tests Were performed with the EPC placed in the
middle layer, which was comprised entirely of dry, uniform sand. Ottawa 20-30 sand was the
primary material used, although some tests were conducted with Ottawa 50-70 sand. For most
tests the unit weight of the sand was kept as close as possible to the unit weight used in previous
uniaxial calibration tests, which was 16.3 kKN/m® (104 1b/ft’). Other tests were performed where
the dry sand was placed in a loose state; the sand was poured into the barrel so as to be as loose
as possible. The EPC was tested under both static and rapid loadings. Tests were conducfed

with the EPC’s sensing area facing both up and down.

Data from the EPC and the bladders were plotted on universal calibration curves (for
example, Fig. 5.5). The curves displayed the “pressure versus time” responses of the bladder and

the cell. Two curves illustrating measured EPC pressures were shown. One curve représented
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cell pressures calculated using the fluid sensitivity; the other curve indicated cell pressures

calculated from the soil sensitivity'.

Universal calibration curves were developed from tests conducted within dry sand.
Figures 5.5 — 5.7 are representative of tests where the unit weight of the sand was 16 KN/m?,
roughly the same value used for the soil calibrations. - Under static loading (Fig. 5.5), with
respect to its fluid sensitivity, the cell registered a value of earth pressure that was less than the
fluid pressure recorded by the bladder. For these conditions, the EPC’s average registration
ratio, R, was 0.8. Thus the cell under-registered the applied earth pressure. However, when the
soil sensitivity was applied to the EPC data, the cell produced earth pressures that were
consistent with the fluid pressure values observed in the bladder. Hence the soil sensitivity

produced a registration ratio close to unity (R = 1).

Figure 5.6 represents tests conducted under rapid loading conditions. It was observed
that under rapid loading the fluid pressure in the bladder did not consistently match the average
axial stress calculated by dividing the applied load by the area, as was the case for static loading.
It is believed that this effect was due to the poor response of the pressure transducer to the high
frequency of the load/unload pulse and not to any time dependent soil properties or inertial
effects. For comparison purposes, the average stress (axial load/area) was plotted on the
universal calibration curve with the EPC data. With respect to its fluid sensitivity, the cell under-
registered the applied earth pressure (R = 0.6). However, when the soil sensitivity was applied to

the EPC data, the cell yielded a registration ratio closer to unity (R = 0.9).

Static loading tests were conducted upon completion of the rapid loading tests (Fig. 5.7).
As before, the cell’s fluid sensitivity under-registered the applied earth pressure (R = 0.7)
whereas applying its soil sensitivity resulted in an earth pressure that again closely matched the

fluid pressure in the bladder (R = 1).
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Figure 5.5. Universal calibration curve, static loading test (s14), conducted in Ottawa 20-30

sand.

Figure 5.6.
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Figure 5.7. Universal calibration curve, static loading test (s19), conducted in Ottawa 20-30 sand
after rapid loading.

Figures 5.8 and 5.9 represent universal calibration tests conducted in dry sand that

was placed at a relatively lower density of 13.5 kN/m® (86.1 1b/ft’). The EPC was seen to

respond much differently. Universal calibration curves determined from tests performed with
loose sand show the observed earth pressures measured by the cell to be much greater than the
pressure recorded in the bladder. Thus the cell over-registered the earth pressure with respect to
its fluid sensitivity. Registration ratios ranged from R = 1.4 to 1.9. Accordingly, the soil
sensitivity, being a number with a smaller value than the fluid sensitivity, over-registered the
earth pressure by an even larger amount. This response would tend to support the inclusion
effect solutions of Taylor (1947), Monfore (1950), and others where a more rigid inclusion takes
on a greater stress than the surrounding material. If the EPC is approximated as a rigid ellipsoid
(after Askegaard 1963), with geometry, a = 0.3, it would have a stress registration ratio, R,
between roughly 1.2 and 1.4 for a range of Poisson’s ratios between 0 and 0.5. Similarly,
Monfore predicted an over-registration of the normal stress across the face of the earth pressure
cell. The degree of over-registration depended on the dimensions of the cell and the ratio of the

Young’s modulus between the cell and the soil.
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However, within a denser soil, the EPC under-registers the applied normal stress when
considering fluid sensitivities. This would appear to contradict Askegaard’s result. While the
soil is stiffer, it is still not as stiff as the earth pressure cell. An explanation is that arching in the
granular soil above the cell éccounts for this decrease in earth pressure. During uniaxial
calibration, the EPC was calibrated such that the effect of arching was taken into account when
calculating the soil sensitivity. So then the cell registers reasonable values of earth pressures
with dense sand because arching has been accounted for and the dense sand is sufficiently stiff to
yield registration ratios close to unity (the inclusion effect is minimal). In tests with loose sand,
the Young’s modulus of the soil is low, and the cell’s extremely high stiffness dominates its

response with respect to arching.
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Figure 5.8. Universal calibration curve, static loading (s32), conducted in “loose” Ottawa 20-30
sand.
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Figure 5.9. Universal calibration curve, rapid loading test (d20), conducted in “loose” Ottawa
20-30.

Universal Calibration — Clay

Universal calibration tests were conducted with the middle layer of the chamber
comprised of clay. The response of the EPC, when placed within the clay layer, revealed highly
scattered data (Figs. 5.10 and 5.11). Analysis on universal calibration curves was not practical

because the load and unload trends were difficult to discern in both static and rapid loading tests.
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Figure 5.10. Universal calibration curve, static loading test (s70), conducted in clay.
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Figure 5.11. Universal calibration curve, rapid loading test (d44), conducted in clay.
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Universal Calibration — Sand Pocket

In order to improve resolution of the EPC data within clay, a configuration was devised
where the cell was placed within a pocket of dry sand. Loading would thus be transferred
through the sand and applied to the cell. The sand’s density was equal to the uniaxial calibration
value of 16 kN/m> (104 1b/ft’). The expectation was that the EPC, if installed properly in clay,
would respond in much the same manner within the sand pocket as it had when placed

exclusively in dry sand.

Preparation of the sand pocket and placement of the EPC within it was carried out in a
special container prior to installing the entire arrangement within the clay. The soil pocket
container (Fig. 5.12) consisted of a thin-walled steel cylinder of diameter 152 mm (6 in.), height
127 mm (5 in.) and a piece of geotextile, which acted as the bottom of the cylinder. The
container was filled with Ottawa 20-30 silica sand at the uniaxial calibration density of 16 KN/m’
(104 1b/ft’). The EPC was carefully placed at a known position within the sand. A slot cut into
the side of the cylinder and lined with a piece of slitted rubber, allowed the lead wire from the
EPC to extend outside the steel cylinder. The piece of geotextile was folded over one end of the

cylinder and clamped firmly around the outside of the cylinder with a hose clamp.

A hole with the approximate dimensions of the sand pocket container was excavated in
the clay. The depth of the hole was 102 mm (4 in.), or 25.4 mm (1 in.) smaller than the container
height, and the hole diameter was 17.8 cm (7 in), or 25.4 mm (1 in) larger than the container
diameter. The container was placed in the hole. The hose clamp was removed from the outside
of the steel cylinder. Extra sand was poured into the gap between the edge of the hole and the
side of the cylinder to a height that was even with the sand inside the container. The last step
was to carefully pull the steel cylinder out from the pocket of dry sand. The unclamped
geotextile was left buried. The cylinder’s rubber slit allowed the EPC lead wire to remain in

place so as not to disturb the orientation of the cell.
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Figure 5.12. Sand pocket container.

The EPC demonstrated excellent response to both static and rapid loading within the sand
pocket. Results of universal calibration tests with the EPC-sand pocket configuration are given
in Figures 5.13 and 5.14. The EPC output was very similar to results from tests conducted with
uniform, dry sand. As before, when the soil sensitivity was applied, the cell output agreed well

with respect to the pressure measured in the bladder.
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Figure 5.13. Universal calibration curve, static loading test (s95), conducted in pocket of Ottawa
20-30 sand.
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Figure 5.14. Universal calibration curve, rapid loading test (d60), conducted in pocket of Ottawa
20-30 sand.

Sand pocket universal calibration tests were also conducted where class 6 gravel was

placed in the top soil layer. Class 6 gravel is a coarse-grained material that is used in practice as
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an aggregate base overlying the subgrade soil underneath paved roads. The gravel was placed
above the upper bladder. The EPC and sand pocket were installed as before. A circular piece of
geotextile was placed between the gravel and the top of the upper bladder to help protect the
bladder. The response of the EPC was excellent to both static and rapid loading through the
gravel (Figs. 5.15 and 5.16).

+ Bladder
= EPC wisail sensitivity % 50
x Axial load/area

Pressure (psi)
Pressure (kPa).

[ 20 40 60 80 100 120 140
Time (s)

Figure 5.15. Universal calibration curve, static loading test (s118), conducted in pocket of
Ottawa 20-30 sand with overlying class 6 gravel.
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Figure 5.16. Universal calibration curve, rapid loading test (d116), conducted in pocket of
Ottawa 20-30 sand with overlying class 6 gravel.
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CHAPTER 6
CONCLUSIONS

The aim of this research was to study the interaction between an EPC and soil, develop a
simple laboratory calibration method, and propose a suitable field installation procedure. A
uniaxial calibration device was designed to permit the application of loading through a soil
column to the sensitive face of an EPC. Calibration tests were conducted under a variety of
loading conditions that included loading from both fluid and soil pressure. It was observed that
the EPC output was influenced by an arching effect across the face of the cell. This was
evidenced by a comparison of sensitivitiés. It was found that calibrations under uniform fluid
pressure conditions produced a sensitivity that matched the cell manufacturer’s value. However,

sensitivities derived from soil pressure tests were significantly, and consistently, lower, on the

order of 20%.

Arching occurred when soil pressure was applied over the entire diameter of the EPC.
The outer rim of the cell acted as a rigid support while the central diaphragm deflected.
Frictional forces developed over the rim and lessened the effective load applied to the
diaphragm. A lower sensitivity than the fluid sensitivity resulted. When the diameter of the soil
column was reduced to the inner diameter of the outer rim, no rigid support was available to
allow arching to develop. Hence, the pressure acting on the diaphragm of the cell was not
reduced and a sensitivity higher than the value for the larger soil column resulted. Thus, the area
of the cell over which loading took place was important as it influenced the amount of arching

allowed to develop over the EPC.

Loading during soil calibrations was applied to the entire area of the cell face in order to
monitor its response and calculate a sensitivity relevant to field conditions. Soil calibrations
were performed using two types of uniform silica sand (Ottawa 20-30, Ottawa 50-70) at two soil
column heights (12.7 mm or 0.5 in., 25.4 mm or 1 in.). The sensitivities from each calibration
configuration were compared. Sensitivities calculated from tests with the coarser Ottawa 20-30
sand were, in general, just slightly lower than similar tests with the finer Ottawa 50-70 sand. The

soil calibration sensitivity decreased and exhibited a trend toward a limiting value as the soil
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column height was increased. This limiting value was taken to correspond to far-field loading

conditions and was termed the cell’s soil sensitivity.

Universal calibration tests were performed to observe the response of the EPC to static
and rapid loading inside a soil chamber. Fluid-filled rubber bladders were used to assure a
uniform pressure distribution and to monitor the vertical stress that was applied to the cell. Static
loading tests involved a constant load and unload rate being applied to the soil. Rapid loading
tests consisted of a cycle of twenty load/unload pulses being applied to the soil. The cell was
tested in silica sand (Ottawa 20-30) and clay. The EPC responded well to the applied loads when

placed in silica sand, but the data were highly scattered for tests in clay.

When the cell’s soil sensitivity was used, its data yielded good agreement with the
measured fluid pressures in the bladder. However, EPC output was sensitive to changes in soil
density. When the cell was placed within soil at a lower density, its output over-registered the
bladder pressure. When the soil was sufficiently dense, its output decreased and sometimes even

under-registered the bladder pressure.

In order to test the EPC in clay and achieve good resolution of data, an installétion
involving a sand pocket was devised. The sand pocket consisted of a measured amount of silica
sand (Ottawa 20-30) filled into a hole of known volume that was cut into the clay; hence the
density of the sand was also known. The EPC was placed within the pocket. Universal
calibration tests were conducted with the EPC with good results; it responded in the same way it
had when placed exclusively in sand. Since the density of the sand in the pocket was known, the

soil sensitivity provided a reasonable measurement of the vertical pressure acting on the cell.
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Recommendations

The following general procedure is recommended for field installation and overall EPC
application. The earth pressure cell should be calibrated in the lab with the uniaxial calibration
device using soil pressure. The cell should be loaded to its capacity at such a rate so that § — 10
data points are collected. For the case of the Kulite cell, which has a capacity of 483 kPa (70
psi), a calibration from 0 to 483 kPa in 69 kPa (10 psi) increments is appropriate. Silica sand
(20-30) at a column height of 25.4 mm (1 in.) is suitable for calibration purposes (20-30 is
recommended over 50-70 as it is easier to work with). Once the cell has been calibrated and its
soil sensitivity has been determined, it should be installed in the ground within a sand pocket.
Whatever sand type was used for cell calibration should then also be used to fill the sand pocket.
It is suggested that the unit weight of the sand pocket be the same as, or as close as possible to,
the value used in calibration. In this report, 16.3 kN/m’ (0.104 Ib/ft’) was used. At least 50 — 80

mm (or 2 — 3 in) of sand cover should be above the face of the cell and at least 25 mm (1 in.) of

~ sand underneath. The EPC should be properly oriented for accurate earth pressure measurement.

The diameter of the sand pocket should be about three times the diameter of the EPC. A
hole in the soil should be created for the installation of the sand pocket. If the condition of the
subgrade soil permits, the hole should be dug to the required dimensions and the EPC and sand
placed within it. Otherwise, if the subgrade is too stiff to allow ease of hole construction, the
sand pocket should be prepared within a steel cylinder as described in Chapter 5 prior to
placement in the hole. Then the cylinder should be unclamped, extra sand poured into the space
between the cylinder and the side of the hole, and the cylinder carefully removed from the sand

pocket leaving the EPC in place.
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Future Research

A similar investigation should be conducted on earth pressure cells of differing types.
The effect, or lack thereof, of arching over cells with fully active faces (no rigid rims) should be
studied. For such cells, the distribution of pressure across the cell face would be important in
determining how the cell responds. For the Kulite EPC with an inactive, rigid rim and central
deflecting diaphragm, the effect of soil density was qualitatively documented, but not
quantitatively studied. Future experiments should aim to monitor EPC response within soils of
various, known densities. The competing effects of a stiff inclusion within a softer material and
soil arching occurring over the face of a cell should be investigated further. Also of interest
would be the simultaneous response of multiple earth pressure cells in various configurations.

The spacing at which cells begin to interact with each other would be of practical significance.
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APPENDIX

RESULTS FROM UNIAXIAL SOIL CALIBRATION
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Table Al. EPC Uniaxial Calibration Tests.

Soll Test | EPC sensitivities per cycle (vdc/kPa)
column | #

height

(mm)

1 2 3

Oftawa20-30 | = == . =~ '

12.7 1 10.018{0.018|0.018

12.7 2 ]0.018(0.018

12.7 3 10.017]0.016(0.016|0.016|0.016|0.016

254 4 10.014]0.014)|0.014(0.014|0.014
Ottawa 50-70 | &

12.7 5

12.7 6 [0.018{0.018(0.018|0.018{0.018{0.018

254 7 10.016|0.015(0.015|0.015|0.015{0.015|0.015|0.016{0.016{0.016(0.016
254 8 10.018{0.017(0.017|0.017{0.017{0.017(0.0170.017 '
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Figure A18. Test 5, cycle 2.
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Figure A19. Test 5, cycle 3.
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Figure A20. Test 5, cycle 4.
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Figure A21. Test 5, cycle 5.
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. R?=0.9997
(] T T T y T T
0 10 20 30 40 50 60 70

Pressure (psi)

Figure A22. Test 5, cycle 6.
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Figure A23. Test 6, cycle 1.
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Figure A24. Test 6, cycle 2.
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Uniaxial calibration
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Figure A25. Test 6, cycle 3.
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Figure A26. Test 6, cycle 4.
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Figure A27. Test 6, cycle 5.
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Figure A28. Test 6, cycle 6.
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Uniaxial calibration
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Figure A29. Test 7, cycle 1.
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Figure A30. Test 7, cycle 2.
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Figure A31. Test 7, cycle 3.
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Figure A32. Test 7, cycle 4.
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Uniaxial calibration
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Figure A33. Test 7, cycle 5.
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Figure A34. Test 7, cycle 6.
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Figure A35. Test 7, cycle 7.
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Figure A36. Test 7, cycle 8.
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Figure A37. Test 7, cycle 9.
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Figure A38. Test 7, cycle 10.
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Figure A39. Test 7, cycle 11.
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Uniaxial calibration
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Figure A40. Test 8, cycle 1.
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Figure A41. Test 8, cycle 2.
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Figure A42. Test &, cycle 3.
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Figure A43. Test 8, cycle 4.
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Figure A44. Test §, cycle 5.
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Figure A45. Test 8, cycle 6.
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Figure A46. Test &, cycle 7.
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Figure A47. Test &, cycle 8.
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Figure A48. Test 9, cycle 1.
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Figure A49. Test 9, cycle 2.
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Figure AS0. Test 9, cycle 3.
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Figure A51. Test 10, cycle 1.
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Figure A52. Test 10, cycle 2.
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